Artificial Thermostable D-Amino Acid Dehydrogenase : Creation and Application by Akita, Hironaga et al.
fmicb-09-01760 August 2, 2018 Time: 11:25 # 1
REVIEW








Willem J. H. Van Berkel,






This article was submitted to
Microbial Physiology and Metabolism,
a section of the journal
Frontiers in Microbiology
Received: 28 February 2018
Accepted: 13 July 2018
Published: 03 August 2018
Citation:
Akita H, Hayashi J, Sakuraba H and






Artificial Thermostable D-Amino Acid
Dehydrogenase: Creation and
Application
Hironaga Akita1, Junji Hayashi2, Haruhiko Sakuraba3 and Toshihisa Ohshima4*
1 Research Institute for Sustainable Chemistry, National Institute of Advanced Industrial Science and Technology (AIST),
Hiroshima, Japan, 2 Department of Biotechnology, College of Life Sciences, Ritsumeikan University Biwako-Kusatsu
Campus, Shiga, Japan, 3 Department of Applied Biological Science, Faculty of Agriculture, Kagawa University, Kagawa,
Japan, 4 Department of Biomedical Engineering, Faculty of Engineering, Osaka Institute of Technology, Osaka, Japan
Many kinds of NAD(P)+-dependent L-amino acid dehydrogenases have been so far
found and effectively used for synthesis of L-amino acids and their analogs, and for
their sensing. By contrast, similar biotechnological use of D-amino acid dehydrogenase
(D-AADH) has not been achieved because useful D-AADH has not been found from
natural resources. Recently, using protein engineering methods, an NADP+-dependent
D-AADH was created from meso-diaminopimelate dehydrogenase (meso-DAPDH).
The artificially created D-AADH catalyzed the reversible NADP+-dependent oxidative
deamination of D-amino acids to 2-oxo acids. The enzyme, especially thermostable one
from thermophiles, was efficiently applicable to synthesis of D-branched-chain amino
acids (D-BCAAs), with high yields and optical purity, and was useful for the practical
synthesis of 13C- and/or 15N-labeled D-BCAAs. The enzyme also made it possible to
assay D-isoleucine selectively in a mixture of isoleucine isomers. Analyses of the three-
dimensional structures of meso-DAPDH and D-AADH, and designed mutations based
on the information obtained made it possible to markedly enhance enzyme activity and
to create D-AADH homologs with desired reactivity profiles. The methods described here
may be an effective approach to artificial creation of biotechnologically useful enzymes.
Keywords: D-amino acid, thermostable D-amino acid dehydrogenase, meso-diaminopimelate dehydrogenase,
stable isotope-labeled D-amino acid, Ureibacillus thermosphaericus, protein engineering, crystal structure
analysis
INTRODUCTION
With the exception of glycine, proteinogenic α-amino acids all contain an asymmetrical carbon,
resulting in the occurrence of D- and L-enantiomers. However, high enantiomeric purity is
necessary for a variety of industrial applications in biotechnological fields. The greatest demand
is currently for L-amino acids. Indeed, several million tons of L-amino acids are utilized annually
in animal feed (Becker and Wittmann, 2012), food supplements (Becker and Wittmann, 2012),
pharmaceuticals (Ivanov et al., 2013), and other applications (Leuchtenberger et al., 2005). On
the other hand, D-amino acids have been increasingly utilized in the recent years, principally
for industrial and pharmaceutical applications. For example, the artificial sweeter alitame is
composed of a dipeptide of D-alanine and L-aspartic acid (Chattopadhyay et al., 2014). In addition,
D-phenylglycine and D-p-hydroxyphenylglycine are used as core building blocks of semisynthetic
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cephalosporins and penicillins (Martínez-Rodríguez et al., 2010),
and annual production amount of their peptides has reached
2,500 and 60,000 tons, respectively (Silber et al., 2016).
D-Amino acids are produced mainly through chemical
and enzymatic syntheses. Strecker synthesis is a convenient
method of chemical synthesis. However, enantioselectivity is not
high with this method, and subsequent purification steps are
required to obtain pure D-amino acids. Enzymatic synthesis
is more suitable for synthesis of D-amino acids with higher
enantioselectivity. As a current industrial scale-production
method, D-hydroxyphenylglycine production using two coupled
reactions with D-hydantoinase and D-carbamoylase is the
most popular. Using this system, several thousand tons of D-
hydroxyphenylglycine is produced annually (Schmid et al., 2002).
In addition, other methods using aminoacylase (Wakayama
et al., 2003) and serine aldolase (Araki et al., 2011) have been
developed for the industrial scale production of several D-amino
acids and D-serine, respectively. As an alternative enzymatic
method of D-amino acid production, the use of reductive
amination of 2-oxo acids using NAD(P)+-dependent amino
acid dehydrogenase is anticipated. About 20 types of amino
acid dehydrogenase have been identified to date, but nearly
all are L-amino acid-specific and are used for L-amino acid
production from oxo acids and ammonia (Ohshima and Soda,
2000). One exception, meso-diaminopimelate dehydrogenase
(EC1.4.1.16, meso-DAPDH), catalyzes the reversible deamination
of a D-amino acid moiety in meso-2,6-diaminopimelate (meso-
diaminopimelate) to L-2-amino-6-oxopimelate in the presence
of NADP+ (Misono et al., 1979) This means that the enzyme is
a kind of NADP+-dependent D-amino acid dehydrogenase (D-
AADH), and it was expected to be applicable to synthesis of
meso-diaminopimelate and analogs through amination of oxo
acids. However, the enzyme exhibits extremely high specificity
to meso-diaminopimelate (Misono and Soda, 1980) and will not
catalyze the amination of 2-oxo acid to D-amino acid because the
reaction product L-2-amino-6-oxopimelate is cyclized in vitro.
Consequently, attempts to utilize this enzyme for D-amino
acid synthesis were abandoned. In the meantime, Vedha-
Peters et al. (2006) succeeded in creating a D-AADH from
the starting enzyme Corynebacterium glutamicum meso-DAPDH
through introduction of five point mutations using both rational
and random mutagenesis and screening. They showed that
the engineered enzyme was able to produce several D-amino
acids through reductive amination of the corresponding 2-
oxo acids. However, this D-AADH prepared from mesophilic
C. glutamicum meso-DAPDH was not sufficiently stable for use
as the catalyst in a bioreactor. A more stable D-AADH with high
catalytic activity was needed for its practical uses.
To overcome the aforementioned drawbacks, we initially
used genome information to look for gene homologs of meso-
DAPDH in large number thermophilic microorganisms, but
did not find it. We next tried screening a large series of
thermophilic microorganisms for meso-DAPDH activity and
found it in a thermophile isolated from Japanese compost (Akita
et al., 2011). The thermophile was identified as Ureibacillus
thermosphaericus strain A1, from which we were able to
purify a thermostable meso-DAPDH. We then characterized
the enzymatic property and determined its gene’s sequence.
This in turn enabled us to create stable D-AADHs through
designed mutations of meso-DAPDH and to develop a useful
new bioreactor using D-AADH for the production of D-amino
acids, including stable isotope-labeled D-amino acids (Akita
et al., 2012). Based on structural analyses of meso-DAPDH
and D-AADH (Akita et al., 2015), D-AADH function was
also upgraded (Hayashi et al., 2017). A little later in our
study, another thermostable meso-DAPDH from an uncultivable
thermophile, Symbiobacterium thermophilum IAM14863 was
cloned, produced in Escherichia coli, and characterized (Gao et al.,
2012). This S. thermophilum thermostable meso-DAPDH has
been reported to exhibit somewhat unusual substrate specificity
compared with those of C. glutamicum and U. thermosphaericus
counterparts. After that, structural and mutational studies on
S. thermophilum and Clostridium tetani meso-DAPDHs followed
to obtain new types of D-AADH (Liu et al., 2014, 2015). In this
review, the creation of novel thermostable D-AADHs and their
useful application are described focusing on our recent research
results.
SCREENING FOR A THERMOSTABLE
meso-DAPDH
Bacterial biosynthetic pathways for L-lysine are classified into
three slightly different pathways: acetylase, dehydrogenase, and
succinylase pathways (Born and Blanchard, 1999). meso-DAPDH
functions in the dehydrogenase pathway and catalyzes the
reversible NADP+-dependent oxidative deamination of meso-
diaminopimelate to produce L-2-amino-6-oxopimelate. A key
feature of meso-DAPDH is its ability to recognize the difference
between D- and L-configurations of meso-diaminopimelate
(Scapin et al., 1998). The enzyme acts specifically on meso-
diaminopimelate, though not the DD- or LL-forms. In addition,
the enzyme acts on only the D-amino acid center of meso-
diaminopimelate, not the L-amino acid center. meso-DAPDHs
have been identified in mesophilic bacteria, including Bacillus
sphaericus (Misono et al., 1979; Misono and Soda, 1980),
Brevibacterium sp. (Misono et al., 1986b), and C. glutamicum
(Misono et al., 1986a). Among them, meso-DAPDH from
C. glutamicum has been characterized in detail and the
three-dimensional structures of the enzyme/NADP+ complex
(Scapin et al., 1996), the enzyme/substrate complex, and the
enzyme/NADP+-inhibitor complex (Scapin et al., 1998) have
been solved. Moreover, Vedha-Peters et al. (2006) prepared an
NADP+-dependent D-AADH by introducing five substitutions at
the active site of the C. glutamicum meso-DAPDH. This mutant
enzyme is capable of one-step production of several L-amino
acids via reductive amination of the corresponding 2-oxo acids
with ammonia and NADPH. However, because this enzyme was
prepared from a mesophilic bacterial meso-DAPDH, it is not
sufficiently stable for use under the conditions necessary for
industrial application. A more stable meso-DAPDH and mutant
enzymes are required for biotechnological application.
To obtain those more stable enzymes, we first focused on
detecting homologs of thermostable meso-DAPDH in a database,
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as we expected that thermostable enzymes would be much more
stable than mesophilic ones. Unfortunately, we found no meso-
DAPDHs from thermophiles or gene homologs from a starting
point around 2010. We next screened for meso-DAPDH activity
in more than 100 thermophilic strains isolated from various
environmental samples. We eventually detected an enzyme
produced in a thermophile isolated from compost collected in
Munakata City, Fukuoka Prefecture, Japan. Based on 16S rRNA
gene sequence similarity, the isolated strain was identified as
U. thermosphaeicus strain A1 (Akita et al., 2011). After optimizing
the culture conditions for growth of U. thermosphaeicus, meso-
DAPDH was purified from the strain through five successive
chromatography steps. As expected, the purified enzyme was
much more thermostable than mesophilic ones, and showed
almost no loss of activity after incubation for 30 min at 60◦C.
By contrast, nearly all the activity of the C. glutamicum enzyme
was lost after incubation for 10 min at 48◦C (Misono et al.,
1986a). Moreover, the U. thermosphaericus enzyme was stable
at pH 5.0 to 11.0, even after incubation for 30 min at 50◦C
(Akita et al., 2011), which suggests the meso-DAPDH from
U. thermosphaericus could be a useful source for creation of
sufficiently stable D-AADHs.
To determine the U. thermosphaericus meso-DAPDH gene
sequence, the N-terminal amino acid sequence of the enzyme
was determined. With that sequence information, degenerate
primers were designed, and partial amplification of the meso-
DAPDH gene was performed using the degenerate primers.
Finally, the complete sequence (981 bp) of the meso-DAPDH
gene was determined using an in vitro Cloning Kit (Takara Bio,
Shiga, Japan), and the encoded N-terminal amino acid sequence
was identical to that obtained through protein sequencing
(Akita et al., 2011). From multiple sequence alignment of meso-
DAPDH genes from U. thermosphaericus and several other
bacterial strains, we found that the five amino acid residues
(Gln150, Asp154, Thr169, Arg195, and His244) mutated in the
C. glutamicum enzyme to create a D-AADH were completely
conserved in the sequence of the U. thermosphaericus enzyme.
Based on the similar concept, Gao et al. (2012) found
meso-DAPDH gene homolog in an uncultivable thermophile,
S. thermophilum, and succeeded in its expression in E. coli and
characterization of meso-DAPDH as the second thermostable
enzyme. The substrate specificity of this meso-DAPDH
is different from those of meso-DAPDHs from other
sources including C. glutamicum and U. thermosphaericus;
S. thermophilum meso-DAPDH catalyzes the reversible reductive
amination of D-alanine, D-valine and D-lysine as well as
meso-diaminopimelate. In addition, the hexameric structure
of S. thermophilum meso-DAPDH is clearly different from the
dimeric structure of C. glutamicum and U. thermosphaericus
enzyme. Such relaxed substrate specificity may be effective for
the creation of alternative D-AADH by protein engineering.
CREATION OF THERMOSTABLE D-AADH
To create a thermostable D-AADH, five substitutions
(Gln154Leu, Asp158Gly, Thr173Ile, Arg199Met, and His249Asn)
were introduced into U. thermosphaericus meso-DAPDH using
genetic engineering methods. The mutant enzyme was expressed
in E. coli, after which the enzyme in the cell extract was purified
using conventional methods. The parent enzyme acts specifically
on meso-diaminopimelate and shows no activity toward D-
isoleucine. On the other hand, native-PAGE of the purified
mutant enzyme showed a single band when stained using an
activity staining method with D-isoleucine as the electron donor,
but not with meso-diaminopimelate as the donor (Figure 1). This
result confirms that meso-DAPDH was successively changed to
D-AADH. We next assessed the D-AADH activity of the mutant
enzyme using several D- and L-amino acids. The mutant enzyme
catalyzed the oxidative deamination of various D-amino acids
in the presence of NADP+ (Table 1), as well as the reductive
amination of various 2-oxo acids in the presence of NADPH and
ammonia (Akita et al., 2012). Moreover, the substrate specificity
of the mutant enzyme was low, in contrast to the high substrate
specificity of meso-DAPDH. The mutant enzyme was also more
thermostable than the parental meso-DAPDH; activity was
retained, even after incubation at 65◦C for 30 min in 50 mM
potassium phosphate buffer (pH 7.2). The mutant enzyme was
FIGURE 1 | Activity staining with D-AADH. The staining was performed using
D-isoleucine (A) and meso-diaminopimelate (B) as substrates. The activity
band and color marker are inducted by filled and open triangles, respectively.
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TABLE 1 | Substrate specificities of D-AADH and its mutants.
Substrate Oxidative deamination









D-Arginine 0.00738 ± 0.0002 0.722 ± 0.024 0.0815 ± 0.0027 0.337 ± 0.012
D-Histidine − 0.0168 ± 0.0003 0.139 ± 0.003 0.0139 ± 0.0001
D-Isoleucine 0.193 ± 0.003 0.113 ± 0.002 1.70 ± 0.05 0.0763 ± 0.0016
D-Leucine 0.106 ± 0.004 0.191 ± 0.002 4.80 ± 0.11 0.0895 ± 0.0015
D-Lysine 0.299 ± 0.001 10.8 ± 0.1 1.32 ± 0.06 2.25 ± 0.02
D-Methionine 0.0178 ± 0.0009 0.213 ± 0.006 2.60 ± 0.11 0.173 ± 0.004
D-Norleucine 0.107 ± 0.002 0.419 ± 0.020 4.22 ± 0.10 0.315 ± 0.008
D-Phenylalanine 0.0106 ± 0.0002 0.099 ± 0.002 5.33 ± 0.14 0.0769 ± 0.0005
D-Tryptophan − 0.0369 ± 0.0020 0.244 ± 0.006 0.0186 ± 0.0002
D-Valine 0.0142 ± 0.0008 0.121 ± 0.004 0.185 ± 0.005 0.0711 ± 0.0017
Reductive amination
2-Oxooctanoate 2.27 ± 0.06 13.2 ± 0.1 65.5 ± 0.8 11.7 ± 0.5
Phenylpyruvate 0.235 ± 0.005 1.93 ± 0.02 16.1 ± 0.3 1.67 ± 0.02
Pyruvate 0.0688 ± 0.0020 0.470 ± 0.029 0.131 ± 0.004 0.138 ± 0.003
2-Oxobutanoate 0.201 ± 0.002 2.47 ± 0.03 0.859 ± 0.052 0.85 ± 0.01
2-Oxohexanoate 1.03 ± 0.06 9.21 ± 0.13 35.0 ± 0.9 7.56 ± 0.17
2-Oxopentanoate 0.465 ± 0.015 4.72 ± 0.08 7.63 ± 0.20 3.44 ± 0.10
2-Oxo-3-methylbutanoate 0.279 ± 0.004 2.54 ± 0.05 1.04 ± 0.03 1.89 ± 0.01
2-Oxo-3-methylpentanoate 0.310 ± 0.007 2.23 ± 0.05 3.90 ± 0.06 2.25 ± 0.07
2-Oxo-4-methylpentanoate 0.624 ± 0.012 4.78 ± 0.11 15.7 ± 0.2 4.64 ± 0.06
2-Oxo-4-methylthio butanoate 0.624 ± 0.012 6.37 ± 0.09 25.0 ± 0.8 6.22 ± 0.12
also stable over a wide pH range; more than 80% of the activity
was retained at pHs between 5.5 and 10.5 (Akita et al., 2012).
These features make this engineered enzyme potentially useful
for application.
PRODUCTION OF D-BCAAs AND THEIR
STABLE ISOTOPE-LABELED ANALOGS
D-Branched-chain amino acids (D-BCAAs) such as D-isoleucine,
D-leucine, and D-valine are known to exhibit special bioactivities
(Kawagishi et al., 2004; Wang et al., 2004; Kolodkin-Gal
et al., 2010), and are used as intermediates for several
antibiotics (Velkov et al., 2010; Tempelaars et al., 2011;
Doveston et al., 2012). For one step production of D-BCAAs
from the corresponding 2-oxo acids, we developed a two
enzyme-coupled system composed of D-AADH and glucose
dehydrogenase (GDH) from the thermoacidophilic crenarchaeon
Sulfolobus tokodaii (Figure 2A; Ohshima et al., 2003). Using
this approach, a nearly 100% yield of optically pure D-
leucine and D-valine from their oxo-analogs was achieved
under optimized reaction conditions (Akita et al., 2014b).
In the case of D-isoleucine, however, the maximal yield was
about 50% because D-AADH catalyzes the conversion of
(3R)-2-oxo-3-methylvalelate to D-isoleucine but not (3S)-2-
oxo-3-methylvalerate to D-allo-isoleucine. GDH was used for
NADPH regeneration from NADP+ through glucose oxidation.
This system also can be utilized for effective production of five
different D-BCAAs labeled with stable isotopes (Akita et al.,
2014b). These include D-[1-13C, 15N]leucine, D-[1-13C]leucine,
D-[15N]leucine, D-[15N]isoleucine, and D-[15N]valine (Table 2).
All analyses with nuclear magnetic resonance, ultra-performance
liquid chromatography, and time-of-flight mass spectrometry
showed that neither L-BCAA nor unlabeled D-BCAA were
present in the products. This system is the first enantioselective
production of D-BCAAs labeled with stable isotopes (Akita et al.,
2014b).
Our system described here has several important features:
one step production of D-amino acids and their analogs
using coupled reactions of two thermostable dehydrogenases
at high temperature (e.g., 60◦C), which prevents microbial
contamination of the reactor; extremely high optical purity of
the products; practical synthesis of 13C- and/or 15N-labeled D-




D-Amino acids can be assayed using ultra-performance liquid
chromatography (Ohmori et al., 2011), gas chromatography-
mass spectrometry (Schurig, 2011), and liquid chromatography-
tandem mass spectrometry (Konya et al., 2016). These methods
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FIGURE 2 | Application of D-AADH. (A) D-BCAA synthesis using D-AADH and GDH. DAADH catalyzes D-BCAA synthesis from appropriate 2-oxo acid, NH4+ and
NADPH. NADPH is regenerated through glucose oxidation. (B) D-Isoleucine assay method employing two coupled reactions. NADPH is generated through
D-isoleucine deamination. Water-soluble formazan is formed in parallel with the NADPH generation.
are useful for simultaneous analysis of numerous kinds of D-
amino acids. Indeed, the novel functions of D-amino acids in
neurotransmitter transport (Nishikawa, 2011) and some human
diseases (Katane and Homma, 2011) have been detected using
these methods. However, these approaches require relatively
expensive and sophisticated equipment. As an alternative,
enzymatic methods have also been developed. For example,
D-amino acid oxidase was utilized in colorimetric assays for
several D-amino acids (Molla et al., 2012). Electrochemical
analysis of D-proline (Tani et al., 2009) and spectrophotometric
assay of D-serine (Suzuki et al., 2011) were developed with
dye-linked D-proline dehydrogenase and D-serine dehydratase,
respectively. However, no enzymatic assay for D-isoleucine
has yet been reported. We therefore developed a simple and
specific colorimetric system for assaying D-isoleucine using
D-AADH. This enzymatic endpoint assay consisted of two
successive reaction steps (Figure 2B): stoichiometric NADPH
generation coupled to D-isoleucine deamination catalyzed by
D-AADH followed by stoichiometric formation of water-soluble
formazan (WSF) from water-soluble tetrazolium-3 (WST-3)
coupled to oxidation of NADPH. After the reaction conditions
were optimized, D-isoleucine was determined within a range
of 1.0–50 µM (Akita et al., 2014a). We next examined the
effect of three isoleucine analogs (100 µM) on enzymatic
determination of D-isoleucine (1.0–50 µM). The D-AADH
catalyzes oxidative deamination of D-isoleucine but not D-allo-
isoleucine (a diastereomer of D-isoleucine), L-allo-isoleucine (a
diastereomer of D-isoleucine), or L-isoleucine (an enantiomer
of D-isoleucine) (Akita et al., 2012). Three isomers, D-allo-
isoleucine, L-isoleucine, and L-allo-isoleucine gave no effect
on the D-isoleucine determination. This enzymatic assay
was thus useful for specific determination for D-isoleucine
in the presence of other isoleucine isomers. Moreover, the
assay was unaffected by the presence of alcohols (from
distilled sprits) and several organic acids (from vinegar).
We have thus developed the first enzymatic assay for D-
isoleucine determination that appears suitable for industrial
usage.
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TABLE 2 | Production of stable isotope-labeled D-BCAAs.
Product Substrate Optical purity (%)a m/z [M+H]+ Chemical shift (ppm) Yield (%)
D-[1-13C, 15N]Leucine [1-13C]2-Oxo-4-methylpentanoate, [15N]NH4Cl >99% 134.10 176.03 [13C] 47.32 [15N] 99 ± 1
D-[1-13C]Leucine [1-13C]2-Oxo-4-methylpentanoate, NH4Cl >99% 133.10 176.03 99 ± 1
D-[15N]Isoleucine 2-Oxo-3-methylpentanoate, [15N]NH4Cl >99% 133.10 39.90 49 ± 1
D-[15N]Leucine 2-Oxo-4-methylpentanoate, [15N]NH4Cl >99% 133.10 47.32 99 ± 0
D-[15N]Valine 2-Oxo-3-methylbutanoate, [15N]NH4Cl >99% 119.08 43.09 99 ± 1





Several three-dimensional structures of meso-DAPDHs from
different sources have so far been solved. For the mesophilic
C. glutamicum enzyme, these include the meso-DAPDH/NADP+
(Scapin et al., 1996) and meso-DAPDH/meso-diaminopimelate
(Scapin et al., 1998) binary complexes as well as the
meso-DAPDH/NADP+/inhibitor (Scapin et al., 1998)
and meso-DAPDH/NADPH/inhibitor ternary complexes
(Cirilli et al., 2000). In addition, the three-dimensional
structure of thermophilic S. thermophilum meso-DAPDH
has been solved as the apo form, the meso-DAPDH/NADP+
binary complex, and the meso-DAPDH/NADPH/meso-
diaminopimelate ternary complex (Liu et al., 2014). These
structural analyses enabled elucidation of the substrate
and coenzyme recognition mechanisms of these enzymes.
However, the structural features responsible for the high
thermostability of thermophilic meso-DAPDH had not
been evaluated. In addition, the specific factors responsible
for the change in substrate specificity when D-AADH
was created from meso-DAPDH by introducing five point
mutations remained unknown. To address those issues, we
determined the crystal structures of meso-DAPDH from
U. thermosphaericus.
The apo form of U. thermosphaericus meso-DAPDH was
assembled as a dimer, which was identical to the subunit
assembly of the enzyme in solution (Akita et al., 2011).
The monomer of the apo form consisted of three domains:
a dinucleotide-binding domain, a dimerization domain, and
a C-terminal domain (Akita et al., 2015). Structural studies
of various thermophilic enzymes have so far revealed the
molecular mechanisms underlying their higher thermostability
in comparison to those of their mesophilic counterparts; the
formation of ion pairs and their networks are responsible for the
increase in thermostability (Hennig et al., 1995; Yip et al., 1995;
Karshikoff and Ladenstein, 2001). Hydrophobic interactions also
contribute to stabilization of the protein structures (Vieille and
Zeikus, 2001; Bhuiya et al., 2005). In addition, conversion of polar
and/or hydrophobic surface amino acids into charged residues
increases thermostability (Fukuchi and Nishikawa, 2001). As
mentioned, U. thermosphaericus meso-DAPDH shows much
higher thermostability than the C. glutamicum enzyme, and is
comparable to the thermostable S. thermophilum meso-DAPDH.
Regarding subunit assembly, like the C. glutamicum enzyme,
U. thermosphaericus meso-DAPDH is dimer and totally different
from the hexameric S. thermophilum enzyme. There were fewer
intrasubunit ion pairs within the U. thermosphaericus enzyme
monomer (32–34) than C. glutamicum meso-DAPDH (50–53),
but the number of intersubunit ion pairs was markedly higher in
U. thermosphaericus meso-DAPDH (8 vs. 2). The total number
of hydrophobic interactions (446 in subunit A, 447 in subunit
B, and 159 intersubunit) in the U. thermosphaericus enzyme
was much higher than in the C. glutamicum enzyme (357 in
subunit A, 361 in subunit B, and 49 in intersubunit). We therefore
consider that U. thermosphaericus meso-DAPDH achieves its
higher thermostability through increases in the numbers of
intersubunit ion pair networks and intra- and intersubunit
hydrophobic interactions.
The total accessible surface area (ASA) of the S. thermophilum
meso-DAPDH monomer (15,400 Å2) was comparable to that
of the C. glutamicum enzyme monomer (15,600 Å2), and there
was no significant difference in the number of hydrophobic
interactions per monomer between the two enzymes. In
S. thermophilum enzyme, the number of ion pairs per monomer
is less than that in C. glutamicum meso-DAPDH. When
the intersubunit interaction was compared, the number of
ion pairs was not much different between the corresponding
dimers of the two enzymes. By contrast, we observed fewer
hydrophobic interactions (112–116) within the S. thermophilum
meso-DAPDH dimer than the U. thermosphaericus enzyme
(159). Overall, in the hexameric assembly of S. thermophilum
meso-DAPDH, the greater numbers of intersubunit ion pairs
(46) and hydrophobic interactions (467) were likely the main
factors contributing to its high thermostability. Actually, a
few thermophilic enzymes, including Aeropyrum pernix 2-
deoxy-D-ribose-5-phosphate aldolase (Sakuraba et al., 2003) and
Thermococcus kodakaraensis KOD1 ribulose 1,5-bisphosphate
carboxylase/oxygenase (Maeda et al., 2002), achieve greater
thermostability through oligomerization.
INSIGHT INTO THE COENZYME AND
SUBSTRATE RECOGNITION
MECHANISMS
NADP+ differs from NAD+ in that it contains an additional
phosphate group at the C2′ position of the adenine ribose.
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U. thermosphaericus meso-DAPDH shows high coenzyme
specificity for NADP+, as NAD+ is inert as a coenzyme. To
gain insight in the mechanism underlying this strict coenzyme
specificity, we solved the structure of the NADP+-bound enzyme
(Akita et al., 2015; Figure 3A). We found that fourteen amino
acid residues interact with the NADP+ molecule within the
structure of U. thermosphaericus meso-DAPDH. In particular, the
side-chains of Thr35, Arg36, and Arg37 as well as the backbone
nitrogens of Arg36 and Tyr11 form eight hydrogen bonds with
the C2′-phosphate group of the adenine ribose. Upon the binding
of NADP+ to the apo enzyme, the side chains of Arg36 and
Arg37 were found to rotate to form hydrogen-bonds with the
C2′-phosphate group of the adenine ribose (Akita et al., 2015).
Thus, Arg36 and Arg37 may be strictly required for NADP+
recognition.
As discussed, U. thermosphaericus D-AADH does not act
on meso-diaminopimelate but catalyzes reversible NADP+-
dependent oxidative deamination of several D-amino acids.
To assess the difference in substrate specificity between meso-
DAPDH and D-AADH, the active site architecture of the
U. thermosphaericus meso-DAPDH/NADP+ binary complex was
compared with that of the C. glutamicum meso-DAPDH/meso-
diaminopimelate binary complex. The residues that interact
with meso-diaminopimelate in C. glutamicum meso-DAPDH
(Asp90, Gln150, Gly151, Thr169, Arg195, His244, and Asn270)
are completely conserved in the U. thermosphaericus enzyme
as Asp94, Gln154, Gly155, Thr173, Arg199, His249, and
Asn276, respectively (Figure 3B). Within the structure of
the C. glutamicum meso-DAPDH/meso-diaminopimelate binary
complex (Scapin et al., 1998), the side chain of Asp90, the
main chain nitrogens of Gln150 and Gly151, and the side chain
of Asn270 form five hydrogen bonds with the α-carboxylate
of the D-amino acid center in the meso-diaminopimelate
molecule. On the other hand, the side chains of Thr169,
Arg195, and His244 also form four hydrogen bonds with
the α-carboxylate of the L-amino acid center. When the
thermostable D-AADH was created using U. thermosphaericus
meso-DAPDH, Gln154Leu, Asp158Gly, Thr173Ile, Arg199Met,
and His249Asn substitutions were introduced into the substrate
recognition site. By introducing Thr173Ile, Arg199Met, and
His249Asn substitutions, interactions between the enzyme
and the α-carboxylate of the L-amino acid center were
destroyed. As a result, D-AADH shows no activity toward
meso-diaminopimelate. Moreover, the Thr173Ile and Arg199Met
substitutions enhanced the hydrophobicity of the pocket
around the L-amino acid center. Consequently, D-AADH
FIGURE 3 | (A) The NADP+ binding site within U. thermosphaericus meso-DAPDH. The NADP+ molecule is shown in magenta. Water molecules are shown as red
spheres. The networks of hydrogen bonds are shown as dotted lines. Oxygen, phosphorus, and nitrogen atoms are shown in red, orange, and blue, respectively.
(B) The substrate binding site within U. thermosphaericus meso-DAPDH. The structure of C. glutamicum meso-DAPDH (yellow and red labels) is superimposed on
that of U. thermosphaericus meso-DAPDH (cyan and black labels). A meso-diaminopimelate molecule is shown as a stick model in magenta. The hydrogen bond
between Gln154 and Asp158 in U. thermosphaericus meso-DAPDH is shown as a dashed red line, and the networks of hydrogen bonds are shown as dotted lines.
Oxygen and nitrogen atoms are shown in red and blue, respectively. These figures are from our previous study with some modification (Akita et al., 2015).
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shows high reactivity toward hydrophobic D-amino acids, such
as D-cyclohexylalanine, D-isoleucine, and D-2-aminooctanoate.
Within U. thermosphaericus meso-DAPDH, Gln154, and Asp158
are included in α-helix 8, with Gln154 being the N-terminal
residue of the helix, and the side-chain of Gln154 forms a
hydrogen bond with that of Asp158. The Gln154Leu and
Asp158Gly substitutions cause this hydrogen bond to disappear,
which enhances the flexibility of the N-terminal residues.
This enhanced flexibility leads to greater reactivity toward
several D-amino acids. Actually, the Asp154Gly substitution in
C. glutamicum D-AADH, which corresponds to the Asp158Gly
substitution in the U. thermosphaericus enzyme, also reportedly
leads to broad substrate specificity for D-amino acids (Vedha-
Peters et al., 2006).
IMPROVEMENT OF D-AADH CATALYTIC
ACTIVITY
Within the structure of the C. glutamicum meso-DAPDH/meso-
diaminopimelate binary complex, one subunit is in an open
conformation while the other is in a closed and substrate-
bound conformation (Scapin et al., 1998). In addition, around
the substrate-binding site, an ion-pair network is formed
between the carboxyl group of the C-terminal residue Val320
and the side chains of surrounding residues, including His92,
Asp120, and Arg128. This suggests the interaction around
the carboxyl group of the C-terminal residue affects the
catalytic activity of the enzyme. By contrast, U. thermosphaericus
D-AADH includes additional C-terminal amino acid residues,
Thr327 and Arg328 extend with a His-tag toward the
corresponding region in the other subunit (Akita et al., 2015).
This suggests the His-tag sequence within the C-terminal
region of U. thermosphaericus D-AADH likely influences the
enzyme’s activity. We therefore prepared non-tagged D-AADH
and examined its catalytic properties. The non-tagged enzyme
catalyzed NADP+-dependent deamination of several D-amino
acids, and the activity was much higher than with the His-tagged
enzyme (Hayashi et al., 2017; Table 1). In particular, the reaction
rates for deamination of D-lysine, D-arginine, and D-norleucine
by the non-tagged enzyme were much enhanced (Hayashi et al.,
2017). For example, the specific activity toward D-lysine was
about 36 times higher than that of the His-tagged D-AADH. This
confirms that the interaction around the carboxyl group of the
C-terminal residue plays a key role in the catalytic activity of
the enzyme. The three-dimensional structure of the non-tagged
D-AADH showed the presence of an ion-pair network at the
carboxyl group of the C-terminal residue Leu326 and the side
chains of the surrounding His96, Asp124, and Arg132 residues
(Hayashi et al., 2017).
As the next step, with the aim of enabling development of
additional applications, we sought to create a novel D-AADH
whose substrate specificity differs from that of non-tagged D-
AADH. Because we had succeeded in determining the structure
of the apo form of non-tagged D-AADH but not the complexed
form, we compared the active site architectures of apo non-
tagged D-AADH with that of S. thermophilum meso-DAPDH
in a ternary complex with NADPH and meso-diaminopimelate
(Liu et al., 2014). Within the complexed S. thermophilum
enzyme, the main-chain nitrogens of Met152 and Gly153 and
the side chain nitrogen of Asn253 form three hydrogen bonds
with the α-carboxylate in the D-amino acid center of meso-
diaminopimelate. The side chain of Asp92 and the main-chain
oxygen atom of Asp122 also form two hydrogen bonds with the
α-amino group of the D-amino acid center. Moreover, the side
chain of Asp92 forms a hydrogen bond with the side chain of
Tyr205. Tyr205 is situated at the active-site entrance and is likely
involved in substrate binding. The amino acid residues (Asp92,
Asp122, Gly153, Tyr205, and Asn253) that interact with the
D-center of meso-DAP in S. thermophilum meso-DAPDH were
conserved in U. thermosphaericus DAADH (as Asp94, Asp124,
Gly155, Tyr224, and Asn276, respectively). Although Met152 in
the former was replaced by Leu154 in the latter, the backbone
amide of Leu154 is situated in a position where it can interact with
the D-center carboxyl of the substrate, as Met152 does. Asp94
and Tyr224 in U. thermosphaericus D-AADH were supposed
to form a part of the substrate-binding pocket and play an
important role in substrate binding. However, there had been
no reported mutational analysis of these residues. We therefore
prepared Asp94Ala and/or Tyr224Phe mutants of the non-
tagged D-AADH and examined their D-amino acid deamination
activity. The Asp94Ala mutant enzyme showed largely different
substrate specificity than the parent enzyme (Hayashi et al., 2017;
Table 1). In particular, the rate of D-phenylalanine deamination
was markedly increased as the most preferable substrate, with
specific activity 54 times higher than the parent enzyme. The
reaction rates for deamination of D-leucine, D-norleucine, D-
methionine, D-isoleucine, D-tryptophan, and D-histidine were
FIGURE 4 | Proposed model for phenylpyruvate binding. The structures of the
binding site within the NADPH/KACA/Asp94Ala-Tyr224Phe mutant enzyme
complex, without and with phenylpyruvate bound, are shown in white and
cyan, respectively. Phenylpyruvate and NADPH molecules in the
phenylpyruvate-bound model are in green and magenta, respectively. The
hydrogen bonds around the phenylpyruvate are shown as dotted lines. This
figure is from our previous study with some modification (Hayashi et al., 2017).
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also markedly elevated in comparison with the parent enzyme.
By contrast, the Tyr224Phe mutant enzyme exhibited much less
activity toward D-amino acids than the parent enzyme with
almost all the substrates, especially for oxidative deamination,
though the substrate spectrum was comparable. This suggests
Tyr224 is essential for the proper catalytic activity, but is not very
important for the substrate recognition.
To solve the structure of the enzyme with bound
substrate/cofactor, in a preliminary study, we endeavored to
co-crystalize the Asp94Ala mutant with NADP+/D-lysine,
NADP+/D-phenylalanine, NADPH/D-lysine, or NADPH/D-
phenylalanine. However, diffraction-quality crystals had not
been prepared yet. We next constructed the Asp94Ala-
Tyr224Phe double mutant and found that this enzyme showed
much lower activity for oxidative deamination of D-lysine
(0.48 µmol/min/mg) than the Asp94Ala or Tyr224Phe mutant.
When we co-crystalized Asp94Ala-Tyr224Phe with NADP+/D-
lysine, we succeeded in determining the three-dimensional
structure of the NADPH/2-oxo-6-aminocapronate (KACA, the
oxo acid analog of lysine)/enzyme ternary complex. Based on
the orientation of KACA, we modeled the phenylpyruvate
molecule into the active site of NADPH/KACA-bound Asp94Ala-
Tyr224Phe and examined the factors responsible for the
difference in substrate recognition (Figure 4). In this model, the
carboxyl group and the C2′-carbonyl group of phenylpyruvate
interact with the nicotinamide ribose phosphate and the side
chain of Lys150, respectively. The phenyl group of the substrate
interacts with the side chains of Ala94 (two interactions), Trp123
(five interactions), and Lys150 (eight interactions), in addition
to stacking interactions with Trp148 and the nicotinamide
ring. In the parent D-AADH, this phenyl group is supposed
to be sterically hindered by the side chain of Asp94. Around
the phenyl group, Trp123, Trp148, Lys150, and Ala94 form a
large hydrophobic substrate-binding pocket. These observations
suggest that the Asp94Ala substitution enlarges the substrate-
binding pocket and enhances the hydrophobicity of the pocket
around the side chain of the substrate. This may result in
greater activity toward hydrophobic D-amino acids with bulky
side chains, such as D-leucine, D-norleucine, D-tryptophan, and
D-phenylalanine (Table 1).
CONCLUSION
Through the work described above, we succeeded in finding
the first known thermostable meso-DAPDH. The enzyme was
isolated from U. thermosphaericus detected in compost, after
which its gene sequence was determined, and a recombinant
enzyme was produced. As the next step, we created a
thermostable D-AADH from the meso-DAPDH by introducing
five amino acid substitutions at the active site. This engineered
enzyme catalyzed reversible deamination of various D-amino
acids, making it possible to develop new one-step production
methods for D-amino acids from 2-oxo acids and ammonia
and enabling new production of stable isotope-labeled D-
BCAAs. This is the first method for production of stable
isotope-labeled D-BCAAs, and further development of enzymatic
synthesis of other D-amino acids and analogs is expected.
A spectrophotometric D-isoleucine assay using D-AADH will be
highly useful as the first method for specific determination of
D-isoleucine.
Our analysis of the functional structures of D-AADH made
it possible to produce several functionally improved enzymes.
One example is D-AADH with greatly increased activity achieved
through removal of its C-terminal His tag, which in practical
terms represents a reduction in cost, since fewer enzymes is
needed for effective use. Another example is the alteration
in substrate specificity caused by Asp94Ala substitution. This
provided a novel D-AADH that exhibited higher reactivity
toward D-phenylalanine, D-norleucine, and D-methionine. This
mutant enzyme may open the way to production of the
corresponding D-amino acids and isotope-labeled D-amino
acids. These results clearly show that artificially designed stable
enzymes offer great potential for future industrial applications.
We are now planning to create additional useful D-AADH
mutants exhibiting different substrate and coenzyme specificities.
We anticipate that in the near future, thermostable engineered
enzymes designed based on genomic and structural information
and created through mutation will be used for industrial
applications at least as often as naturally screened enzymes.
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